Chromatin, a complex of DNA and proteins in the eukaryotic cell nucleus governs various cellular processes including DNA replication, DNA repair and transcription. Chromatin architecture and dynamics dictates the timing of cellular events by regulating proteins' accessibility to DNA as well as by acting as a scaffold for protein^protein interactions. Nucleosome, the basic unit of chromatin consists of a histone octamer comprised of (H3^H4)2 tetramer and two H2A^H2B dimers on which 146 bp of DNA is wrapped around $1.6 times. Chromatin changes brought about by histone modifications, histone-modifying enzymes, chromatin remodeling factors, histone chaperones, histone variants and chromatin dynamics influence the regulation and timing of gene expression. Similarly, the timing of DNA replication is dependent on the chromatin context that in turn dictates origin selection. Further, during the process of DNA replication, not only does an organism's DNA have to be accurately replicated but also the chromatin structure and the epigenetic marks have to be faithfully transmitted to the daughter cells. Active transcription has been shown to repress replication while at the same time it has been shown that when origins are located at promoters, because of enhanced chromatin accessibility, they fire efficiently. In this review, we focus on how chromatin modulates two fundamental processes, DNA replication and transcription.
INTRODUCTION
Chromatin, the complex entity of DNA and protein, requires the packaging of DNA into a structurally organized and compact unit that enables the efficient progression of regulatory processes of the cell including transcription, DNA replication and repair. At its most elementary level, chromatin consists of 146 bp of DNA wound 1.6 times around a histone core comprising two H2A-H2B dimers and a H3-H4 tetramer [1] . As we examine the successive levels of complexity, chromatin transforms into a gigantic hub of protein-protein and protein-DNA interactions, thereby acquiring the ability to regulate myriad cellular processes in many different ways. For example, the ability to regulate proteins' accessibility to DNA, to act as a scaffold for proteins to interact and its dynamics, all have major roles to play in replication, repair and transcription. Chromatin is distinguishable in two forms, euchromatin and heterochromatin. While euchromatin typically represents early replicating, transcriptionally competent and decondensed state of chromatin, the heterochromatin represents gene poor, late replicating and transcriptionally silent condensed chromatin. In this review, we focus on how chromatin modulates two fundamental processes, duplication of genetic material and control of gene expression.
CHROMATIN AND TRANSCRIPTION
Various aspects of chromatin that regulate transcription include histone modifications and histone-modifying enzymes, chromatin remodeling factors, histone variants and histone chaperones (HCs). Apart from these, chromatin dynamics also play a role in influencing transcription.
Histone modifications and histone-modifying enzymes
Histone modifications play crucial roles in dictating the transcriptional status of a gene. Histones are subject to a variety of post-translational modifications (PTMs) including methylation of lysines and arginines, acetylation of lysines, phosphorylation of serines and threonines, ubiquitylation and sumoylation of lysines, ADP ribosylation of glutamic acid, deimination of arginines and isomerization of prolines [2] . These specific modifications especially at the histone tails could be associated with active or repressed transcription (Table 1) . Typically, acetylation of H3 and H4 is associated with activation of transcription. The enzymes that catalyze acetylation (predominantly falling into the GNAT, MYST and CBP/p300 families) [3] can generally modify lysines at more than one position on the histones though there are examples of enzymes that do show some specificity. Unlike acetylation, methylation of lysines can activate or repress transcription depending on the residue that is modified (for review of histone modifications, refer to [2] ). Also, the enzymes that catalyze methylation not only show exquisite specificity to particular lysine residues but also differ on the number of methyl groups they add (which can be mono-, di-and tri-methylation). Examples of activating methylation include those on H3K4, H3K36 and H3K79 [4, 5] . The modified residue, as well as its location within the body of a gene plays crucial roles in modulating gene expression. For example, H3K4 trimethylation at promoter regions and H3K4 dimethylation and H3K36 and K79 trimethylation within the open reading frame (ORF) are associated with actively transcribing genes [4, 5] . In contrast, the methylation marks associated with repression include H3K9, H3K27 and H4K20 [5] . H3K9 di-and trimethylation are involved in euchromatic gene silencing and heterochromatin formation, respectively, while di-and tri-methylation of H3K27 are mainly involved in transcription repression [2, 6] . Though, H4K20 trimethylation is generally thought to be involved in transcription repression, its function might actually be to maintain heterochromatic structures [7] . While di-and tri-methylation of H3K9 and H3K27 are associated with repression, their monomethylated forms, when present within the ORF of a gene, could positively influence transcription [5] .
This brings us to a concept, which is gaining credence in the field-that specific modifications on histones (example, methylation) do not necessarily 'code' for a single kind of readout (example, repression) all of the time. Even though it is possible to divide histone modifications as those associated with active or repressed chromatin, the distinction is not always so clear [6] . For example, H3K9 trimethylation and gamma isoform of HP1 have been shown to be associated with the ORFs of actively transcribing genes [8] . Also, recent studies have demonstrated the role of HP1 in active transcription within euchromatin as well as for expression of genes that are harbored within heterochromatin [9, 10] . There are also chromatin domains where both active and repressive marks are found. For example, genes that are not expressed in embryonic stem cells, but can be expressed in differentiated progenies show the activating marks of H3K4 methylation and H3K9 acetylation concomitant with the repressive mark of H3K27 trimethylation. The repressive mark may possibly be a part of the cellular mechanism to prevent the expression of specific gene(s) while the activating marks may be priming the same gene for expression in specific progeny [11, 12] . With so many modifications possible-not only on all histones but also on specific residues-the importance of crosstalk between modifications arises. The presence of a particular modification on a residue (H3K9 acetylation) may preclude another modification (H3K9 methylation) from being created on the same residue. Modification on a residue can also hinder protein binding to an adjacent modified residue. This is the case when H3S10 phosphorylation prevents the binding of HP1 to an adjacent methylated H3K9 [13] . Modification of a particular residue can also positively and negatively affect the activity of an enzyme modifying a nearby residue [14, 15] . Finally, not only does cross-talk occur within the same histone tail but also between tails, frequently referred to as 'trans-tail'. One of the most well-known instances of trans-tail regulation is the regulation of H3K4 and K76 methylation by H2BK120 ubiquitylation [16] . More recently, H2BK120 Ub itself has been shown to be regulated along with H3K4 and K76 methylation by H2BK34 ubiquitylation [17] .
Histone modifications can exert their effects through various mechanisms. First, the modifications may have a direct effect on histone-DNA contacts both within a nucleosome and between nucleosomes by changing the net charge on nucleosomes. This can affect the structure at the nucleosomal level as well as the higher order chromatin structure. For example, H4K16 acetylation has been shown to inhibit the formation of 30 nm fibers [18] . Histone modifications can also exert their influence by recruiting specific proteins that utilize specialized domains to recognize specifically modified histones. This in turn can alter chromatin structure and modulate gene expression, described as the 'histone code hypothesis' [19] . The problem with investigating the role of histone modifications in transcription regulation is that it is difficult to prove whether a histone modification is the cause or consequence of transcription regulation. Also, the presence of redundant histone-modifying enzymes and multiple histone genes in mammals makes the analysis of the role of histone modifications difficult. Apart from this many questions still remain, including the role of histone modifications in tethering genes to specific regions of the nucleus and the kind of modifications that are lost or gained when genes loop out of chromosomal territories during transcription [6] . Future work will certainly enhance our appreciation of the crucial and diverse roles played by histone modifications in gene expression control.
Chromatin remodeling factors
While histone-modifying enzymes covalently modify histone tails, chromatin remodelers are proteins, which can read these modifications and use the energy of ATP hydrolysis to change the interaction between histones and DNA, thereby regulating the access of the transcriptional apparatus to DNA [20] . Remodelers fall into four classes including SWI/ SNF, ISWI, NuRD/Mi-2/CHD and INO80 depending on the presence of additional domains in or near their ATPase domain (for review of chromatin remodelers refer to [20] ). The remodeling activities may result in the eviction of histones, sliding of nucleosomes or complete removal of nucleosomes from specific DNA elements [20] . This can regulate transcription by changing the accessibility of chromatin to transcription factors.
Eviction of nucleosomes is important for transcription initiation as supported by various reports of transcription factors binding to nucleosome-free regions [21, 22] . This has been observed at the promoter of several specific gene loci such as the PHO5 promoter [23, 24] , as well as in genome-wide studies in Saccharomyces cerevisiae where promoters were found to be usually free of nucleosomes and flanked by positioned nucleosomes [22] . Nucleosome eviction is not only modulated by chromatin remodelers like Swi/Snf but also by several other factors including the sequence of DNA associated with the nucleosome [25, 26] . Co-activators like SAGA also play a role in nucleosome eviction at promoters [27] . The HAT associated with the SAGA complex, GCN5 mediates eviction of nucleosomes and also increases H3K4 trimethylation within the gene body [27] . Since the evicted histones can rebind to the same sequences that they were earlier associated with, Histone chaperones (HC) (discussed in the subsequent subheading) like Asf1 and Nap1 are required for preventing futile nucleosome eviction [28] [29] [30] . Sliding of nucleosomes is also important for transcription regulation. For example, in yeast, ISW2 aids transcription repression by causing sliding of nucleosomes onto transcription start sites [31] . The role of ISW2 is particularly interesting in this case because it helps in sliding nucleosomes onto DNA sequences, which by themselves do not favor nucleosome assembly. Finally, eviction of histone is required for the movement of RNA polymerase on transcribing genes. This is supported by the observation that in S. cerevisiae, there is a negative correlation between histone density and the presence of RNA polymerase on transcribing genes [32] . But nucleosome-free regions within a gene cannot remain so for a very long duration as it would lead to initiation of transcription from within the gene body. Accordingly, the eviction process is in equilibrium with deposition of histones at the wake of the transcribing RNA polymerase [32] . For this, chromatin remodelers have to work together with HCs as discussed in the next section.
Not all cases of nucleosome remodeling favor active transcription. In vivo studies have shown that the ISW2 remodeling complex can move nucleosomes to positions that can block transcription [31] . In vitro data too points toward a role for these remodelers in limiting promoter activity [25, 33] . Another example is that of NoRC, a member of the ISWI family of remodelers, which has a role in repressing rDNA gene transcription [34] . Apart from transcription activation and repression, remodelers also play key roles in transcription termination. In S. cerevisiae, transcription termination depends on the redundant actions of ISWI and CHD ATPases [35] .
Histone chaperones
HCs facilitate assembly, replacement or exchange of histones so as to organize the chromatin for transcriptional activation or repression [36] . Earlier it was thought that HCs were merely carriers of histones but in the past few years their roles in multiple aspects of gene regulation beginning to be discovered. It is now known that HCs are important for transcription initiation, elongation, prevention of nonspecific transcription (within the body of a gene), transcription repression and heterochromatic spreading [37] .
For transcription initiation, HCs work in concert with chromatin remodelers to remove nucleosomes from promoters [30, 38] . The HC, Asf1 aids both replication-coupled nucleosome assembly (discussed later in this review) and nucleosome eviction at promoters during transcriptional activation [28, 29] . This transcription aiding function of Asf1 has been attributed to its ability to bind to the exposed C-terminus of histone H4 of a nucleosome after H2A-H2B dimers have been removed and then prying apart H3-H4 dimers [39] . Apart from this direct role in nucleosome eviction, Asf1 also influences transcription by regulating H3K56 acetylation [40] . For many genes, H3K56 acetylation has been shown to be crucial in transcription initiation [41] [42] [43] . For example, in yeast the absence of H3K56 acetylation leads to a reduction in recruitment of Snf5, a SWI/SNF subunit, to histone promoters and this in turn results in lower levels of H2A and H2B transcripts [43] . The role of Asf1 in regulating H3K56 acetylation, influences induction of PHO5 and PHO8 genes [28, 40] . This may well turn out to be a common mechanism for gene regulation. Another HC, FACT, has been shown regulate transcription elongation [44] . FACT has been shown to remove H2A-H2B dimers from nucleosomes [45] and is also necessary for deposition of histones on DNA [45] . FACT aids transcription elongation by evicting H2A-H2B dimers from the path of RNA Polymerase II (RNAPII) and also prevents spurious transcription from within the gene body by restoring the original chromatin structure in the wake of RNAPII (for review on functions of FACT [46, 47] .
HCs also regulate transcription elongation by modulating specific histone marks and function co-operatively with these marks. For example, FACT is necessary for monoubiquitination of H2B and this modification in turn is required for retaining FACT at the site of active transcription [48] . Another HC Spt6 is required for di-and tri-methylation of H3K36 [49] . This modification in turn is recognized by the plant homeoboxdomain (PHD) and chromodomain of the HDAC complex Rpd3S and leads to its recruitment to that chromatin site [50] .
This HDAC removes the activating acetylation marks from the transcribed chromatin and in turn leads to chromosome recompaction.
HCs are also required for transcriptional silencing and heterochromatin spreading. Asf1 associates with LID demethylase, which is responsible for removing H3K4 di-and tri-methylation marks associated with active chromatin [51] . Another HC, Nap1 binds to a complex containing the H3 histone deacetylase RPD3S [51] . Asf1 and another HC, HIRA are also known to form a complex, which interacts with a HDAC Clr6 and leads to histone deacetylation and heterochromatin spreading [52] .
Understanding the detailed mechanism of how each of these HCs bind to their substrates, facilitate nucleosome assembly and transfer histones from one HC to another HC will provide important insights on the role of HC in modulating gene regulation.
Histone variants
In addition to histone modifications, histone variants represent an important way to mark chromatin [53] . All histones except H4 have variants; examples include H1
and H5 for H1, H2A.X and H2A.Z for H2 and CenH3 and H3.3 for H3 [54] . Many of the histone variants regulate transcription. For example, the H1 variant H5, which is found in chicken erythrocytes, is associated with the repression of transcription initiation invitro and is generally absent from active gene chromatin. Also, its deposition on chromatin during erythrocyte development coincides with transcription repression on a global scale [55] .
The H2 variant H2A.Z has been shown to have roles in both transcription activation and repression. It is usually deposited by the remodeler SWR1 near promoters in the nucleosomes that flank the nucleosome free regions (NFR) and might aid transcription by having a high turnover rate. The high turnover rate may expose the DNA sequences associated with these nucleosomes to various transcription factors, thereby activating transcription [56, 57] . H2A.Z also has a role in transcription repression as suggested by the observations that its depletion leads to loss of Hp1 [58] and that mutations in H2A.Z disrupts Hp1 and polycomb protein mediated transcription repression [59] .
The variant of histone H3, H3.3 also has role in transcription regulation. In Drosophila and mammals, it has been shown to be enriched at the promoter and ORF of actively transcribing genes [21, [60] [61] [62] and also at the promoters of inactive genes, possibly marking them as poised for transcription [21, 63] . These data support the idea of H3.3 having a role in transcription activation but in mouse ES cells, H3.3 is localized to telomeres and is required for the repression of telomeric repeats [60] . So further investigations of the role of H3.3 at different chromatin domains would shed light on the different roles it may play in transcription regulation. Another histone H3 variant, Centromere protein A (CENP A) also influences epigenetic inheritance of the centromere in mammals [64] . CENP A's counterpart CENH3 is found in all eukaryotes [53] and even though the satellite repeats constituting centromeres have rapidly evolved, CENH3 continues to be the identifying mark of centromeres including those which lack satellite repeats (example-human neocentromeres [65] ) indicating the power of this histone variant in propagating epigenetic information. Further work needs to be conducted in order to understand the various ways in which histone variants regulate transcription and the mechanisms by which they perform their roles as carriers of epigenetic information.
Chromatin dynamics and transcription
Chromatin dynamics play a very important role in transcription regulation. There are several kinds of chromatin movements that could influence transcription-decondensation, looping, intra and interchromosomal associations, and movement from one territory to another within the nucleus. Decondensation is intimately connected with transcription. Since the transcription apparatus is bulky, the chromatin needs to be decondensed for the machinery to access the DNA. Also, a dynamic equilibrium exists between various stages of chromosome compaction, for example between the basic 'beads on the string' structure and the 30 nm fibers [66] , which could also regulate processes like transcription.
Another layer of regulation is added by chromatin domains or territories within the nucleus [67] . Chromosomes occupy distinct locations in three dimensions within the nucleus and these domains are generally nonoverlapping. The location of a gene within a particular domain affects its transcriptional status. Repressed genes are generally located in a domain's interior while active genes tend to be located on the domain's exterior, although there are exceptions to this rule [6] . Thus, a change in transcriptional status is often associated with large-scale movements of chromosomal regions. The two prominent movements of chromatin are looping out and decondensation and these needn't be necessarily linked [68] . There are many instances of looping associated with transcriptional activation of genes. For example, during differentiation, HoxB gene cluster is activated and this is associated with looping of this cluster out of its chromosome territory [69] . [70] . This might be because the magnitude of unfolding required for transcription might be small and unfolding may occur locally and not be visible by light microscopy. Apart from this, it has also been shown that large macromolecules (proteins and dextrans) can easily access the interior of chromatin domains and so condensed chromatin may not pose a barrier to transcription in terms of accessibility of its constituents to transcription factors [71] .
Recently, an in vitro system has been developed to form highly condensed 30 nm fibers [72] . Using this system, it was shown that deacetylated histones and linker histone H1 are required for making 30 nm fibers that are resistant to transcription processes [72] and reflect the fact that these fibers mimic chromatin structures in vivo. Such systems can be used to investigate the role of chromatin compaction and dynamics in regulating transcription and can provide valuable insights about these complex processes.
Expanding facets of transcription regulation: the role of emerging players As chromatin structure is intimately linked to transcription, the level of chromatin compaction itself can be a regulatory mechanism for transcription. For example, during cellular senescence, Retinoblastoma (Rb)-mediated heterochromatic structures are formed, which repress transcription from genes that are targets of E2F [73] . Recently, Sathyan et al., have identified a protein, BEN domain containing 3 (BEND3), which has the potential to be a major player in transcription regulation-especially transcription repression-and could possibly function by inducing extensive heterochromatinization. BEND3 co-localizes with heterochromatic foci and its over expression causes premature chromatin condensation [74] . Such extensive heterochromatinization has been shown in fission yeast, where the overexpression of a protein kinase NIMA causes similar phenotype [75, 76] . Sathyan et al. [77] [78] [79] [80] (Figure 1 ). Activation of transcription at this locus causes dramatic decondensation, evident by Cherry-LacI and the presence of RNA polymerase II at the gene locus ( Figure 1 ). Heterochromatin protein HP1 that is associated with the CLTon condensed locus is released off from the transcriptionally active, decondensed locus, similar to what is observed for BEND3 (Figure 1) . Further, when BEND3 was tethered to a specific locus, it prevented the loading of RNA PolII, which could be a consequence of the heterochromatinization it causes, or because of a more direct effect on the transcription machinery. Interestingly, BEND3 undergoes sumoylation, a modification known to regulate the interaction of proteins with heterochromatin [81, 82] . In addition, sumoylation seems to be required for transcription repression. Strengthening the argument that BEND3 is a transcriptional regulator is the fact that it has been found associated with the Sall4 that interacts with the NuRD complex (a chromatin remodeling complex of the CHD family with histone deacetylase activity) and regulates stem cell pluripotency [83] . Further studies need to be done to dissect out the function of BEND3-to differentiate between the role it may have in regulating chromatin structure versus its role in regulating transcription-and these two roles need not be mutually exclusive. It would also be interesting and illuminating to investigate the genes whose expression levels are affected by disrupting BEND3's levels either by knockdown or overexpression.
As gene annotations are nearing completion, further experimentation will reveal new players governing gene regulation. 
CHROMATIN AND REPLICATION
As with transcription, chromatin also affects various aspects of replication. The local chromatin landscape defines how origins of DNA replication are selected and activated so that duplication of the genetic material occurs accurately [84] . Also, during the process of replication, not only does an organism's DNA have to be faithfully replicated but also does the chromatin structure and the epigenetic marks that are associated with it.
Chromatin context and origin selection
Chromatin exerts its influence on replication right from the step of origin selection. The first evidence for this was the observation that of all the ARS (autonomously replicating sequences) in yeast, only a subset acted as active replication origins [85] . In metazoans, the number of origins far exceed the origins that get activated, depending on various cellular needs including stress [86] . As with promoters, origins need to be nucleosome free for replication to occur. First, the origin recognition complex (ORC) is required for positioning the nucleosomes that flank origins while keeping the origins nucleosome free [87] . Second, origin sequences themselves encode information to keep the region nucleosome free [88] . Finally, transcription factors can function to keep promoters and origins free of nucleosomes. For example, yeast Abf1 has been shown to be required for creating nucleosome-free ARS and also for phasing of nucleosomes in the region flanking the ARS [87] . Not only do ORC binding sites have to be free of nucleosomes but also there should also be phased nucleosomes flanking the binding sites. This phasing of nucleosomes is critical for formation of the pre-replication complex even though it is not required for ORC binding per se [87] . Recent ChIP-seq studies in yeast have revealed that nucleosome-free regions and ORC-dependent phasing of nucleosomes are crucial factors for determining origins [88] .
What specifies an origin in higher eukaryotes (Figure 2 ) has been and continues to be an area of intense research [89] . Unlike the yeast S. cerevisiae, which has sequence-specific origins, no consensus sequence for origin specification has been found in metazoans or even in S. pombe apart from the fact that origins are AT rich. Recent reports have shown the role of specific histone modifications in establishing replication origins [90] [91] [92] (Table 1 ).
The activity of H4K40 monomethylase PR-SET7 has been shown to be required during mitosis for setting the origins that are to be used in the next cell cycle. How PR-SET7 does this remains to be answered. One way could be that the monomethylation mark created by PR-SET7 recruits the components of pre-RC by creating a suitable chromatin environment [93] . Another mark, which plays a role in origin licensing is H4 acetylation (on residues K5, 8 and 12) by the HAT HboI [94, 95] . This acetylation mark is found at origins with an H4K20 monomethylation mark during mitosis. Unlike PR-SET7 whose levels are cell cycle regulated [96] and whose over-expression causes DNA re-replication [91] , neither is the level of HboI cell-cycle regulated nor does its over expression cause re-replication [97, 98] . Together, these observations suggest that a sequence of histone modifications-H4K20 monomethylation during mitosis followed by H4 acetylation on several lysine residues could help in origin licensing [93] . After licensing, the degradation of PR-SET7 could prevent re-replication by not allowing the succession of histone H4 modifications to happen. Apart from H4K20 monomethylation, methylation on other histone residues also regulates origin selection [99] ( Table 1) . For example, in budding yeast, H3K36 trimethylation is reduced at early firing origins [100] . In humans, it has been found that H3K4 trimethylation levels increase at early replicating origins [101, 102] .
In addition to histone modifications, DNA methylation also influences origin selection. Origins, as well as promoters, are associated with CpG islands [103] . CpG islands may be involved in determining replication timing as origins having unmethylated CpG islands replicate faster compared to origins with methylated CpG islands [104] .
There is also a connection between transcription and origin selection. Active transcription has been shown to repress replication while at the same time it has been shown that when origins are located at promoters, they fire easily, probably because of enhanced chromatin accessibility [105, 106] . There are also various examples of transcription factors (TFs) being required for replication. For example, in D. melanogaster various TFs such as MYB, E2F and RB regulate DNA amplification at the Chorion locus [107, 108] . Recently, work on identifying new origins by purifying origin centered nascent strands followed by hybridization to tiling arrays has again highlighted the interplay between replication and transcription [102] . In this study, it was found that regions showing origin activity were near transcription start sites and were within 5 kb of transcription factors binding sites. Also origins were found to be enriched with marks usually associated with transcription initiation, namely, H3K4 di-and tri-methylation and H3 acetylation [102] . This becomes even more evident when we compare the set of common chromatin modifications associated with both transcription and with replication (Table 1) . Such an analysis strikingly shows that modifications associated with transcription activation are predominantly associated with early origins and have a positive correlation with replication timing.
Finally, a reason why no consensus for metazoan origins specification has been discovered might be because origin specification at various regions of the genome might have different requirements in terms of sequences and proteins involved [86] . Such a scenario would be similar to what happens during transcription in terms of different promoters recruiting different transcription factors. Such differences in origin selection could be due to several factors of which chromatin context could be an important one, as indicated by the growing body of work showing the influence of chromatin on replication. 
Inheritance of epigenetic marks: replication coupled and independent chromatin assembly
Once an origin fires and the replication machinery moves forward, the chromatin structure undergoes a massive change. Nucleosomes are removed from the path of the moving replication fork and in order for the and the parent and daughter DNA to receive their full complement of histones, newly synthesized histones need to be deposited along with the parental histones behind the replication fork [109] . At this point, the cell faces the challenge of passing on its epigenetic information to its progeny. For a mark to be truly epigenetic, it should be heritable. So various types of epigenetic marks such as DNA methylation and histone modifications must be faithfully copied from the parent to the daughter cells. But here is where a crucial difference between epigenetic and genetic information arises: while genetic information has to be faithfully transmitted, the replication of epigenetic marks can also provide an opportunity for these marks to be modified or erased, thereby changing the fate of the daughter cell [109] . This flexibility of inheritance is very important for cells undergoing differentiation and also during various stages of development when a set of genes has to be turned off and a new set turned on. Thus, the process of DNA replication is crucial not only for DNA per se but also for regulated transmission of epigenetic marks because in the wake of the replication fork, epigenetic marks need to be restored or modified, as the situation may necessitate. The mechanism of restoration varies depending on the type of epigenetic mark. For example, DNA methylation on CpG islands is generally symmetrical on the parent strands and so the newly synthesized daughter strands are hemimethylated [109] . The parent strand can be used as a template for DNA methylation of the daughter strand, that is, this epigenetic mark can be propagated by semi-conservative mode of information transfer similar to DNA replication. In mammals, the DNA methyltranferase DNMT1 is recruited to the sites of hemimethylated DNA by the SET and RING associated (SRA) protein NP45, which binds to hemimethylated DNA [110, 111] . In Arabidopsis thaliana, recruitment of DNMT1 to the sites of hemi-methylated DNA is performed by the protein Variant in methylation1 (VIM1). Methylation by DNMT1 also requires the chromatin remodeler decreased DNA methylation 1 (DDM1) in A. thaliana and LSH in mice [112] [113] [114] . The chromatin remodeling activity of DDM1 might be required for allowing the DNA methyltransferase to access the substrate.
When considering the deposition of nucleosomes with their associated modifications at the replication fork, a problem arises. Since the parental nucleosomes are also disrupted during the passage of the replication fork, there is no obvious template for the deposition of appropriate nucleosomes. In the parental nucleosome, H3-H4 tetramers split from the H2A-H2B dimers (for review on nucleosome assembly, refer to [109, 115] ). In order to propagate epigenetic information accurately to the next generation, it is crucial that deposition of parental and newly synthesized histones is properly co-coordinated. Here, HCs play a crucial role. The HC CAF1 associates with H3-H4 dimers and is required for their deposition on newly synthesized DNA [116] . The HC ASF1 associates only with newly synthesized H3-H4 dimers and serves as a donor to CAF1 [117] . Parental H3-H4 tetramers or re-associated H3-H4 dimers can be deposited as such behind the replication fork, in which case the newly deposited nucleosome will have an old H3-H4 tetramer or, they can dissociate into dimers and associate with newly synthesized H3-H4 dimers thereby forming mixed nucleosomes. Apart from CAF1 and ASF1, the HC FACT could also play a crucial role in replication-coupled nucleosome assembly by associating with the DNA replication machinery component, the MCM helicase. It could also destabilize nucleosomes ahead of the replication fork and contribute to its eventual reassembly (review, [46] ). In yeast, a more recently described HC, Rtt106 has been proposed to have a role in both replication-coupled and replication-independent nucleosome assembly [118, 119] . It functions similar to CAF1 in that it accepts H3-H4 dimers from ASF1 and deposits them behind the replication fork [120] . This brings us to the next step: how are the post-translational modifications (PTMs) of the parental histones copied onto the newly synthesized histones? Though an area of intense research, the principles governing nucleosome deposition and epigenetic inheritance in the wake of the replication fork are still far from clear. There are two models of how appropriate histone modifications are made on the newly synthesized histones deposited behind the replication fork [121] . The models are random and semiconservative. In the random distribution scenario, parental histone H3-H4 tetramers or dimers are distributed randomly on both the strands and they provide a template for modifying newly synthesized histone H3-H4 tetramers or dimers by inter-and intra-nucleosomal interactions, respectively. This model is not feasible because it would lead to gradual dilution of the post-translational marks of the parental histone. In the semiconservative mode, old and new dimers and tetramers of histones are shared equally by the DNA strands and there are two ways in which epigenetic information of the histone PTMs may be transmitted. Firstly, old H3-H4 dimers might associate with newly synthesized H3-H4 dimers, forming mixed tetramers and the required PTMs can be made on the newly synthesized histones by using the corresponding old histone tail within the same nucleosome as template. In the second possible way of semi-conservative inheritance, old H3-H4 tetramers are deposited as such and are used by the new tetramers as template for modifications. Further work needs to be done to conclusively prove, which of the above-mentioned models reflects replication coupled nucleosome assembly in vivo.
While the canonical form of histone H3, H3.1/2 is deposited in a replication-coupled manner onto the chromatin, the variant H3.3's deposition follows a replication-independent mechanism. Two HCs, HIRA and Daxx play an important role in this process. HIRA was the first chaperone identified for the assembly of H3.3-H4 into nucleosomes [122, 123] . The other player, Death domain-associated protein (Daxx) has also been identified to function as a HC for H3.3 [60, 124, 125] . HIRA and Daxx function in depositing H3.3 at different genomic locations. While HIRA is required for H3.3 incorporation at genic or transcribed regions, Daxx regulates the telomeric incorporation of H3.3 [60] . Further experiments need to be done to shed light on the mechanism by which these HCs deposit H3.3-H4 at specific genomic locations. It would also be interesting to investigate the possible crosstalk and competition between the various H3.3-H4 HC (CAF1, HIRA and Daxx) complexes and how they might regulate each other's functions.
Influence of replication proteins on chromatin: heterochromatin formation
Not only does chromatin exert its influence on replication but replication proteins also affect chromatin architecture [109, 126] . ORC has a role in transcriptional silencing in S. cerevisiae [127] and heterochromatin formation in several organisms [128] [129] [130] [131] [132] [133] (for review [126] ). In S. cerevisiae, Orc1 recruits Sir1 to mating type loci, HML (Hidden MAT Left) and HMR (Hidden MAT Right) and is also required for their transcriptional silencing [134] . Mutation of the N-terminus of Orc1, which is required for recruiting Sir1, leads to loss of transcriptional silencing [135] . The replication and silencing functions of ORC are separable in yeast [127, 136] though the silencing by ORC requires cells to pass through S phase [127, 136, 137] . Mutation of Orc2 in S. cerevisiae causes disruption of silencing at HMR-E locus [138] [139] [140] . In Drosophila, mutation of Orc2 leads to inhibition of position effect variegation [131] and both in Drosophila and Xenopus, ORC subunits interact with Heterochromatin Protein1 (HP1) [131, 141] . In humans, various subunits of the ORC (Orc1, 2, 3 and 5) have also been shown to be localized to heterochromatic regions and interact with HP1 [133] . Also, knockdown of several ORC subunits causes changes in HP1 distribution. That Orc2 and Orc3 are required for the association of HP1 with heterochromatin is supported by the observation that knockdown of these proteins leads to a homogenous distribution of HP1 in the cell. Conversely, HP1 knockdown in human cells leads to loss of Orc2 from heterochromatin indicating that HP1 and Orc2 (in association with Orc3) stabilize each other on heterochromatin [133] . Another aspect of chromatin organization that ORC affects is the compaction of satellite repeats. It has been shown that knockdown of Orc2 and Orc3 leads to loss of compaction of the satellite repeats of chromosome 9 [133] . On a separate note, in Drosophila, Orc2 has also been shown to be required for replication of euchromatic regions at their normal replication time during S phase. Orc2 mutants show delayed replication of euchromatin followed by aberrant condensation of chromosomes during mitosis [142] . This is a very interesting observation, as it links replication timing to chromatin structure.
More recently, an ORC-associating protein-leucine rich repeats and WD40 repeat domaincontaining protein 1 alias ORC-associated (LRWD1/ORCA) has been identified [78, 143, 144] , which has also been shown to co-localize with ORC at heterochromatin. ORCA interacts with ORC and knockdown of ORCA leads to reduced ORC loading onto chromatin [78, 143] . ORCA and ORC have been shown to bind to the repressive H3K9, H3K27 and H4K20 tri-methylation marks cooperatively with DNA methylation marks [143, 144] and it is has been postulated that ORCA might mediate the interaction of ORC with heterochromatin by directly binding to repressive marks [144] . It would be interesting to investigate whether ORCA assisted ORC loading is the universal mechanism of ORC association with chromatin or whether it is a feature of specific chromatin subtypes like heterochromatin or with specific subsets of origins of replication.
There is also an enormous amount of crosstalk between replication and chromatin-modifying machineries. For example, CAF1's activity of depositing H3-H4 particles requires its association with the DNA polymerase sliding clamp, proliferating cell nuclear antigen (PCNA) [145] [146] [147] . CAF1's role in replication coupled nucleosome assembly is also supported by its S phase association with replication foci and with foci of PCNA after DNA damage [147] [148] [149] . In human cells, CAF1's depletion leads to DNA replication defects and the arrest of cells in S phase. These data together indicate that CAF1 provides the link between chromatin assembly and DNA replication [150, 151] . PCNA also plays a pivotal role in recruiting histone deacetylases, histone methyltansferase PR-SET7 [152] [153] [154] and chromatin remodelers to replication sites. For example, PCNA recruits Williams Syndrome Transcription Factor (WSTF) to sites of replication and WSTF in turn recruits SNF2H, a chromatin remodeler of the ISWI family [155] . Also at regions where the daughter strand is hemi-methylated, PCNA along with NP95 recruits DNMT1 [110, 111, 156] . This in turn expands the network of interacting proteins at the replication fork, as DNMT1 can interact with G9a, a lysine methyl transferase [157] that is required for H3K9 methylation. As more instances of overlapping functions of replication and chromatin-modifying machineries are reported, a clearer picture of the regulation involved in these processes is emerging and more work is required to fully understand these highly interconnected events.
Replication and transcription: crosstalk on chromatin
Apart from the influence of transcription on origin selection discussed earlier, there is evidence from several quarters that the set cellular signals, or more accurately, chromatin signals, controlling transcription and replication may be one and the same. For example, in Drosophila, different studies point toward a link between replication timing and transcriptional status of the single X chromosome in males [158] [159] [160] . In males, transcription of the X chromosome is increased so that the gene products of the single X chromosomes can be comparable in abundance to those transcribed from autosomes [159] . The histone acetyl transferase Mof aids this process by hyperacetylating the X chromosome to create a conducive environment for increasing the rate of transcription [161] . Interestingly, it has been observed that this Mof-dependent hyperacetylation of H4K16 also alters the replication timing of the X chromosome, leading to the earlier replication of the chromosome compared to autosomes [160] . Similar results of early replication of the single X-chromosome in males have also been obtained through genome wide studies in Drosophila [160, 162, 163] , mouse [164, 165] and humans [166] , thereby reiterating the intimate connection between replication and transcription where the chromatin context favoring transcription also favors replication.
Linking replication and transcription seems to be an efficient strategy of the cell. Transcription generates negative supercoiled DNA upstream of the gene being transcribed that could facilitate ORC binding [84] . This would be similar to what happens in vitro where it has been shown that ORC preferentially binds to negatively supercoiled DNA [167] .
Though many new examples of the interplay between transcription and replication are being reported with increasing frequency, several important questions remain to be addressed about the exact nature of the cross-talk. How much of the 'crosstalk' is actually an influence of transcription on replication versus the mere effects of creation of a suitable chromatin environment by the process of transcription needs to be determined.
CONCLUSION
The last several decades have witnessed a vast expansion in our understanding of how chromatin governs gene regulatory networks. While our knowledge on how epigenetic marks are created and inherited and the mechanistic insights into how these are reversed continues to grow, what we understand is presumably only the tip of the iceberg. We still have a long way to go in terms of understanding the full potential of the histone code. Though examples of crosstalk between modifications have been reported, the complete interactome of histone modifications is far from being elucidated. Also, as the importance of chromatin in DNA replication and origin selection becomes increasingly evident, it would be interesting to find out whether aspects of chromatin can provide a unifying theory of origin selection-the holy grail of the field of replication research. The molecular players that bring about the chromatin changes-including the modifying enzymes that catalyze the modifications on histones and DNA, the chromatin remodeling complexes and the HCs that remodel the local chromatin architecture-are well characterized. The mechanism of action of each of these players and their roles in diverse cellular processes is beginning to be understood. However, how nuclear architecture and organization are coupled to gene duplication and gene expression remains to be investigated. Interestingly, recent evidence has pointed to the role of nonchromatin-related factors including RNA molecules and cytoplasmic factors in epigenetic inheritance [168] [169] [170] [171] . Future work will be critical to address how chromatin coordinates with other factors to establish and/maintain epigenetic inheritance.
Key Points
Chromatin has a very important role in regulating transcription and replication. Various aspects of chromatin such as histone and DNA modifications, histone variants, Histone chaperones, chromatin remodeling complexes and chromatin dynamics have significant roles in modulating DNA replication and transcription. Though our understanding of how chromatin modulates these two processes (replication and transcription) is rapidly expanding, we have a long way to go in terms of uncovering the mechanisms of regulation, the players involved and the cross-talk between various players.
